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ABSTRACT 
This r e p o r t  i n v e s t i g a t e s  the  mechanical behavior  of f i n e  s o i l s  i n  a lunar 
environment i n  engineering gravi ty- f low b ins .  The u l t r a h i g h  vacuum, absence 
of mois ture ,  and a  lunar  g r a v i t y  one-sixth t h a t  of e a r t h  g r a v i t y  r ep re sen t s  a 
unique environment, both advantageous and de t r imenta l  t o  t hese  systems,  O n  
e a r t h ,  moisture and gases  contained i n  powder masses can be r e spons ib l e  f o r  
complex d e s c r i p t i o n s  of g r a v i t y  flow. Thei r  absence appear t o  s impl i fy  the 
lunar  s o i l  behavior.  However, s imula t ion  of t h e  lunar  g r a v i t y  and vacuum cnn- 
p l i c a t e s  t h e  development of experimental  d a t a  f o r  designing b ins ,  
The p r o p e r t i e s  of a  dry s o i l  powder, i t s  behavior under one-dimensional 
compression, and i t s  t o r s i o n a l  and d i r e c t  shear ing  s t r e n g t h  under e a r t h a t m o s -  
phere a r e  descr ibed  i n  p a r t  1 of t h i s  paper. These p r o p e r t i e s  provide the  
parameters f o r  a  f i n i t e - e l emen t  a n a l y s i s  t o  opt imize the  design of bins, t o  be 
descr ibed by D r .  W i l l i a m  Par i seau  i n  p a r t  2. 
Shear t e s t s  a s s e s s  t h e  f a i l u r e  c r i t e r i a  f o r  t he  m a t e r i a l .  Compression 
t e s t s  provide modulus and (%)  s t r e s s - r a t i o  va lues  from the  loading po r t ion  s f  
t he  compression cyc le ,  d u p l i c a t i n g  the  cond i t i on  of a  b i n  a t  r e s t  with t he  
d ischarge  c losed .  During t h e  unloading p o r t i o n  of  t h e  compression cyc le  ( s o i l  
overconsol ida ted) ,  t he  r e s i d u a l  K, va lues  r i s e .  It i s  pos tu l a t ed  t h a t  t h i s  
phenomenon c r e a t e s  a  h i g h - l a t e r a l  s t r e s s  i n  b ins  when they approach i n c i p i e n t  
flow. Assessment of t h e  K, va lue ,  overconsol ida t ion  r a t i o ,  and the  void r a t i o  
s t a t e  i s  proposed a s  a  c r i t e r i o n  t o  determine t h e  f l o w a b i l i t y  of powder. 
INTRODUCTION 
The U.S. Bureau of Mines i s  engaged i n  a  r e sea rch  program t o  acqui re  Eun- 
damental s c i e n t i f i c  and engineering knowledge of  lunar-mineral resources  f o r  
NASA's Of f i ce  of Advanced Research and Technology ( 3 .  This  program envi- 
s ions  the  u t i l i z a t i o n  of  lunar  s o i l  o r  rock m a t e r i a l s  t o  support  future rnacced 
lMining engineer ,  Spokane Mining Research Center,  Bureau of Mines, Spokane, 
Wash. 
2 ~ n d e r l i n e d  numbers i n  parentheses  r e f e r  t o  i tems i n  t h e  l i s t  of r e f e rences  
preceding t h e  appendix. 
space n i s s i o n s .  As p a r t  o f  t h i s  i n v e s t i g a t i o n ,  t h e  Spokane Mining Research 
Center (SNRC) has been assigned t h e  exp lo ra t ion  o r  problems a s soc i a t ed  wi th  
:he handling and stowage of f i n e  p a r t i c u l a t e  m a t e r i a l s  on the  moon. O f  par-  
Cicular  i n t e r e s t - - and  t h e  primary p r o j e c t  task--has been the  s tudy  of g r a v i t y  
flow of f i n e  l u n a r - s o i l  aggregat ions from s to rage  b ins .  
The project work was i n i t i a t e d  i n  1967, before  the  f i r s t  Surveyor space- 
craft l a n d i n g ,  so t h a t  many important r e sea rch  dec i s ions  were based on specu- 
l a t i ve  and p o s t u l a t e  reasoning,  and upon whatever information could be i n t e r -  
preted Erom t he  e a r l y  Surveyor landing experiments.  I n  r e t r o s p e c t ,  t he se  
decis ions--such a s  d u p l i c a t i o n  of  t he  f i n e - p a r t i c l e  s i z e  f r a c t i o n  of t he  lunar  
s o i l ,  which could not  be reso lved  i n  t h e  Surveyor-mission photographs--seem 
almost inconsequent ia l .  I n i t i a l l y ,  however, the  l ack  of d e f i n i t i v e  b a s i s  f o r  
judgment caused g r e a t  d i f f i c u l t y ,  because r e sea rch  had t o  be guided by deduc- 
t i o n  and ex t r apo la t ion .  
Lunar Environment 
Thla environment i s  cha rac t e r i zed  by u l t r a h i g h  vacuum p res su re  ranging 
from IO-" to 10-la t o r r .  Because of t h e  d i r e c t  r a d i a t i o n  from t h e  sun, lunar -  
surface temperatures swing from extreme hea t  (+135" C) during t h e  day, t o  
extreme c o l d  (-130" C) dur ing  the lunar  n igh t .  The su r f ace  i s  a l s o  exposed 
directly to the  so-ca l led  s o l a r  wind, composed of s t reams o r  a  plasma of high- 
energy nuclear  p a r t i c l e s  emanating from t h e  sun. Probably t h e  most s i g n i f i -  
cant environmental i n f luence ,  i n s o f a r  a s  i t  a f f e c t s  t h e  g rav i ty  flow of  f i n e  
particu!ate mat t e r ,  is the  reduced lunar -gravi ty  f i e l d .  The in f luence  of 
these environmental c h a r a c t e r i s t i c s  w i l l  be  considered l a t e r  i n  t h i s  r e p o r t .  
Lunar-Soil  Ma te r i a l  
A cons iderable  po r t ion  of t he  lunar  su r f ace  was known t o  be  covered by a  
f i n e  granular  m a t e r i a l .  This  s o i l l i k e  substance has a  d i s t i n c t  advantage a s  
a poteerpiak r e s o u r c e m a t e r i a l ,  s i n c e  i t  i s  e s s e n t i a l l y  comminuted, and i t s  u t i l -  
i z ac ion  W O U ~ ~  r e q u i r e  only  c o l l e c t i o n ,  minor c l a s s i f i c a t i o n ,  and a  workable 
storage system. It was hypothesized t h a t  t h i s  r e g o l i t h  i s  p r i n c i p a l l y  d e b r i s  
from rneeeoric impacts,  wi th  some p o s s i b i l i t y  of  admixed c l a s t i c  m a t e r i a l ,  
deposited through many geo log ica l  eons by vo lcan ic  e rup t ions  through the  lunar  
c r u s t ,  Both processes  were assumed t o  have produced a  r a t h e r  angular ,  s i l t -  
l i k e  s o t 1  matr ix.  Surveyor spacec ra f t  photographs could no t  r e s o l v e  the  f i n e  
po r t ton  of t h i s  lunar  s o i l ,  so  t h a t  an exac t - s i ze  d i s t r i b u t i o n  could no t  be 
predicted, Nevertheless ,  t he  photographs d id  a l low s e l e c t i v e  cumulative 
counts and s i z i n g  of t h e  l a r g e  fragments (2). By assuming an approximate semi- 
logar i thmic  s i z e  d i s t r i b u t i o n ,  and by es t imat ing  ( r a t i o n a l  conjec ture)  t h e  
total number of p a r t i c l e s  w i t h i n  a  u n i t  a r e a  of su r f ace ,  we were ab l e  t o  
e x t r a p o l a t e  t h e  coa r se  p a r t i c l e - s i z e  d i s t r i b u t i o n  t o  s imula te  t he  f i n e  po r t ion  
(<a m diam) of t h e  lunar  s o i l .  
I n  a d d i t i o n  t o  photographic d a t a  from t h e  Surveyor landings ,  a  nuc lear  
a lpha - sca t t e r ing  instrument  analyzed t h e  chemical composition o f  t h e  rego- 
l i r h i c  su r f ace  (9. These experiments c o n s i s t e n t l y  i nd ica t ed  a  b a s a l t l i k e  
s o i l  ma te r i a l  wi th  a  s i g n i f i c a n t  percentage of  oxygen. An electromagnet ic  
experiment showed that only minor amounts of magnetic material (KO-25 percenc) 
were contained in the lunar soil, whereas a soil-trenching experiment (carried 
on by the earlier Surveyor spacecraft) and analysis of footpad impressions 
revealed a loosely structured lunar-soil matrix with mild cohesion. 
Effects of Lunar Environment on the Properties of Lunar Materials 
Of principal importance to the research project was the influence of the 
lunar environment on the handling properties of soil materials. It was specu- 
lated that the high vacuum might produce ultraclean particle surfaces, making 
the lunar material self-binding or highly cohesive, an effect principally of 
molecular attraction. Others felt that the particle surface would be eoncarni- 
nated with partial or completemonolayers of gas molecules, irrespective o f  the 
high lunar vacuum. However, Surveyor trenching in the in situ soil seemed tc 
discover only a mild cohesion in a state analogous to fine, moist earth soil, 
with particle coherence due to surface tension. This observation tended to 
support the idea of some self-contamination or a reduced importance of the 
molecular forces influencing vacuum cohesion. 
Gravity forces acting on the moon, about one-sixth those of earth, have a 
pronounced influence on the development of gravity flow and rate of flow from 
bins and hoppers. Hence, the lunar force field was expected to have signifi- 
cant influence on the consolidation of the lunar material, reducing the 
stresses that cause gravity flow out of a bin storage unit, and also changing 
the critical void-ratio confining pressure relation at which a granular mate- 
rial's dilatency (volume expansion) characteristics are mobilized in shearing 
or compression (19). Thus, a typical powder material was expected to retain 
a higher void-ratio state when placed freely in a bin or container on rhe xoon. 
Offsetting to a minor degree the influence of the lunar-gravity field, and 
reducing the weight of the particulate matter (and thereby the gravity 
stresses), was the elimination--in the lunar vacuum--of any atmospheric buoy- 
ancy effect on the mass weight of the particulate material. 
Again, although our knowledge of the lunar-surface material and the 
influence of the lunar environment was mainly deductive, certain general 
assumptions seemed valid: 
I. An earth-basalt rock with mild magnetic properties would be lised as a 
standard for the lunar soil-powder simulation. 
2. An impact milling method would be developed to produce an angular, 
siltlike rock powder, which would be classified to a well-graded grain-size 
distribution--similar to the distribution postulated from the Surveyor space- 
craft photographs. 
3 .  Physical-property testing would need to reflect the low stresses (due 
to reduced gravity) developed in these soil masses. Needed also would be a 
special shear-testing device adaptable to testing in an ultrahigh vacuum. 
sys tem. 
4 .  ~t i s  specula ted  t h a t  temperature extremes, p a r t i c l e  e ros ions  from 
solar-wind bombardment, and the l a c k  of atmospheric buoyancy have only  a  minor 
i n f luence .  Thus these  v a r i a b l e s  could be e l imina ted  from t h e  i n i t i a l  research .  
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GRAVITY FLOW FROM BINS: HISTORICAL BACKGROUND 
Early t h e o r e t i c a l  and experimental work on p re s su re  d i s t r i b u t i o n ,  and on 
t h e  flow of  g ranu la r  s o l i d s  from p r i sma t i c  b i n s  and v e r t i c a l  wal led s i l o s ,  was 
done by Janssen (1895), Koenen (1896), Ai ry  (1897), and ~ g t t e r  (1899). Kar l  
T e r z a g h i  p re sen t s  a  genera l  review of  t hese  e a r l y  i n v e s t i g a t i o n s  under "Theo- 
r i e s  of Arching" (9. Appl ica t ion  of t hese  t h e o r i e s  and empir ica l  methods 
a p p a r e n t l y  dominated bin-design engineering f o r  many years .  
In 1961, Andrew Jenike  (5) i n i t i a t e d  the  modern t rend  i n  b i n  engineering 
by applying soil-mechanics p r i n c i p l e s  t o  t h e  gravi ty-f low-of-bulk s o l i d s .  
B r i e f l y ,  Jen ike  developed s p e c i a l  shea r - t e s t i ng  methods t o  a s c e r t a i n  uncon- 
f ined  s t r e n g t h s  of overconsol idated g ranu la r  m a t e r i a l s  and t o  discover  an 
qXEkecti .~e Angle of I n t e r n a l  F r i c t i o n "  (5). The s t a t e  of s t r e s s  i n  a  g r a v i t y  
b i n  wi th  converging channel i s  def ined by Jen ike  i n  a  form analogous t o  t h a t  
cf the  Rankine c o e f f i c i e n t  of a c t i v e  ear th-pressure .  A s o l u t i o n  i s  obtained 
by t r a n s l a t i o n  of t h e  p r i n c i p a l  s t r e s s  by assuming a  uniform r a d i a l  s t r e s s  
fie163 near t h e  d ischarge  o r i f i c e ,  from which a  f low-fac tor  i s  ca l cu la t ed  t o  
c?t imize t h e  design of t h e  b in .  Appl ica t ions  of J e n i k e ' s  methods a r e  f u r t h e r  
docurnect~d i n  r ecen t  papers  (k-8). More r e c e n t l y ,  Walker i n  1967 proposed a  
method of r i n g  o r  t o r s iona l - shea r  t e s t i n g  of f i n e  c o a l  powder f o r  bin-flow 
a n a l y s i s  ( E ) ,  Working wi th  experimental coa l  bunkers,  Walker a l s o  developed 
En a l t e r n a t e  f i o w a b i l i t y  a n a l y s i s  f o r  t h e  B r i t i s h  Cent ra l  E l e c t r i c i t y  Gener- 
a t i n g  Board (20) .  - U t i l i z i n g  t h e  Jen ike  d i r ec t - shea r  appara tus ,  Williams and 
Ijirks (22) a l s o  proposed improved methods f o r  t e s t i n g  fine-powder ma te r i a l s .  
The work of  t hese  experimenters gave the  p r i n c i p a l  impetus and d i r e c t i o n  t o  
our  subsequent r e sea rch  on b i n  flow. 
Lacking a c l e a r  d e f i n i t i o n  of t h e  b in  s t r e s s  f i e l d ,  and faced wi th  a  s i g -  
n i f i c a n t  c o n f l i c t  between the  Jen ike  and Walker methods of de r iv ing  t h e  
so-cahiel Flow-Factors f o r  b i n  design (20), i t  was decided t h a t  a  more 
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FIGURE 2. - G r i n d i n g  C i r c u i t  f o r  t h e  P r o d u c t i o n  of S i m u l a t e d  Lunar Sai l ,  
FIGURE 3. - Photomicrograph of Simulated Lunar Soil. 
phys ica l -proper ty  t e s t s .  Table 1 compares bulk  p r o p e r t i e s  of t he  simulated 
s o i l  and core- tube samples obtained from the  Apollo-11 mission (-101, Thus, 
i n s o f a r  a s  seemingly poss ib l e ,  t h e  s imulated lunar  s o i l  p r o p e r t i e s  c l o s e l y  
c o r r e l a t e  wi th  the  a c t u a l  l una r - so i l  mat r ix ,  a s  i nd ica t ed  from the core s m -  
p l e s .  However, d i f f e r ences  i n  t he  minera logica l  compositions and s p e c i f i c  
g r a v i t y  of  t h e  two m a t e r i a l s  a r e  t o  be noted (10). Also, small  beadl ike ,  
s p h e r i c a l  g l a s s  p a r t i c l e s ,  which c o n s t i t u t e  an est imated 10 t o  20 percent  o f  
t h e  i n  s i t u  lunar  s o i l ,  a r e  no t  p re sen t  i n  t he  s imulated lunar  soil. 
TABLE 1. - Comparative phys i ca l  p r o p e r t i e s  of t he  simulated 
l u n a r - s o i l  and t h e  Apollo-11 core  tube samples 
l ~ o i d  r a t i o  (e) ISpec i f i c  g rav i ty  1 ~ u I . k  d e n s i t y  
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FIGURE 4. - Grain-Size Distribution of Simulated Lunar Soil and the Soil Matrix Feccsvesed 
From the Apollo-1 1 Mission. 
DESCRIPTION OF EXPERIMENTAL WORK 
Direct-Shear Testing of Simulated Lunar Soil 
A series of direct-shear tests were run on oven-dried simulated lunar 
soil under normal earth-atmosphere conditions, employing a standard, direct- 
shear machine. Normal loads are applied through a lever-arm, deadweight 
(Lnertial) system. The nominal load range of this machine is higher than the 
gravity l oads  expected in gravity-bin design. The principal usefulness of the 
direct-shear tests was to supplement and extend data obtained by shearing 
tssts at lower loads (performed on a special torsional-shear device), which 
will be discussed later. Loose samples of simulated lunar soil were normally 
consolidated, and only a peak shear strength was obtained from these direct- 
shear tests, Figure 5 shows the results of this test series and also data 
from torsional tests, both of which define a peak Mohr failure envelope for 
the loese, normally consolidated basalt powder. 
A linear graphical representation of the Mohr failure envelope (not nec- 
essarily the real failure envelope) indicates an angle of internal friction 
(6) of 35.5" and a shear-axis intercept (c) of 20 g/cm2 for the simulated 
Lunar-sol2 matrix. It is of interest that Apollo 11 and 12, soil-mechanics 
lavcstigcltions estimate, for the in situ lunar-soil material, a cohesion of 
- 
nbout  li: g / c m G  and angles of internal friction of 35" or greater (10-11). 
?bus, t h e  shear-strength properties (friction and cohesion) of the basalt pow- 
der tested under normal earth-atmospheric conditions, with atmospheric vapor 
and air gases adhered to the particle surfaces, seem to approximate the gross 
scrength properties of the in situ lunar-soil material in the lunar vacuum. 
POINTS PLOTTED 
Point Normel rtress Shear stress 
1 45.5 g/cm* 56.1 g/sml 
2 75.8 " 69,s " 
3 91.0 " 94.0 " 
4 252.0 " 222.0 " 
5 505.0 " 361.0 " 
6 757.0 " 528.0 " 
n Ultimate shear strength 
0 Pcak sheor strength 
-- &st fit line thru tert rcruitr 
- 6 Angular relotionzhip between orgin 
and tangency to Mohr's circlal?-Zl 
CT N O R M A L  STRESS, g/cm2 
FIGUQE 5, - Peak-Fai  lure Envelope of D i rec t -  and Torsiona I-Shear Tests  for Normally 
Consolidated,Simulated Lunar Soi I. 
NORMAL LOAD, pounds 
FIGURE 6. - Simulated Lunar Soil-Steel Wall F r i c t ion  Tes t  Results,  
Wall -Fr ic t ion  Tes ts  
The s o l u t i o n  of any b i n  gravi ty-f low problem r e q u i r e s  t h e  determinatian 
of a  c o e f f i c i e n t  of f r i c t i o n  between t h e  metal  wa l l  and the  granular  ma te r i a l  
when it i s  conso l ida t ing  o r  flowing i n  t h e  b in .  Following t h e  s tandard  d i r e c t -  
shear  machine method u t i l i z e d  by Jen ike  (1) t o  determine w a l l  f r i c t i o n ,  a  
s t e e l  p l a t e n  i n s e r t  was made, which was contained i n  the  lower ha l f  cf t he  
shear  box; whereas t he  upper h a l f  o f  t he  box was f i t t e d  wi th  a  ~ e f l o n . "  gasket ,  
r e s t i n g  on the  s t e e l  p l a t e n  s u r f a c e  and provid ing  near  f r i c t i o n l e s s  csntaec 
between t h e  shear  boxes. The upper h a l f  of t h e  shear  box was f i l l e d  with 
l oose ly  packed b a s a l t  powder. The f r i c t i o n a l  r e s i s t a n c e  fo rce  was measured 
under s e v e r a l  normal loads.  Resu l t s ,  p l o t t e d  i n  f i g u r e  6 ,  i n d i c a t e  an angle 
of wa l l  f r i c t i o n  (qj') of 10" between t h e  loose b a s a l t  powder and t h e  steel 
p l a t e n  ma te r i a l .  This  f r i c t i o n  parameter developed f o r  t h e  s loping  bin ~ 2 1 1  
i s  incorpora ted  i n t o  the  f in i te -e lement  a n a l y s i s  a s  a  s p e c i a l  boundary 
condi t ion .  
3 ~ e f e r e n c e  t o  s p e c i f i c  products  i s  made f o r  i d e n t i f i c a t i o n  only and does  no t  
imply endorsement by t h e  Bureau of Mines. 
Torsional-Shear Tests 
A predominant project objective was to study the influence of lunar vac- 
uum on t h e  cohesion or fusion of the fine basalt used to simulate the lunar- 
soil naerkx, From a series of one-dimensional compression tests, performed 
early ir the project and discussed in detail later, it was observed that, 
uz~der earth-atnosphere conditions, a high degree of apparent cohesion occurs 
ix the sixulated basalt soil powder (13). Consequently, it was inferred that 
any cohesion due to molecular attractions in the lunar vacuum would not, in a 
r* la t ive  sense, greatly affect the strength parameters of the lunar soil 
einlployed for the analysis of bin flow. However, this supposition was to be 
proved or disproved only by actually developing a suitable shear-testing pro- 
cedure and performing shear tests in an extremely complex ultrahigh-vacuum 
testing program capable of reducing chamber pressure to near 10-l2 torr. 
Moreover, the research proposed to examine relative increases in cohesion 
with consolidation pressures in both atmosphere and in vacuum; comparison of 
trle data would indicate the relative influence of vacuum on the powder cohe- 
$;on and strength. The lunar soil, which would be classified as a dry cohe- 
s-onless, fine sandy silt, would thus be shear-tested in a manner normally 
rcserved in soil mechanics for studying consolidated, saturated clay materials, 
such as those proposed by Krey-Teidemann, Hvorslev, and Bjerrum (2). The 
effect of consolidation on soil cohesion (and dilatency) has been recently 
explored by Roscoe and coworkers (l6) and Palmer and coworkers (14). In their 
work on bin flow, Jenike (5, 7) and Walker (2) treat fine granular materials 
ic an analogous manner: by determining their "flow functions." As shown in 
figrare 15, flow function may be defined as the ratio of the unconfined yield 
strength to principal preconsolidating stress. 
As Tschebotarioff (2) has stated, it is important to consider that this 
type of f aiiure criterion abandons the classical concept of cohesion as having 
a eonstant value for a given material; rather, the indication is that it is 
strongly iinfluencedby the preconsolidation load. This distinction obscures 
the conven~ional clear-cut separation between friction and cohesion in Mohr- 
Cculomb materials, whether they be true cohesive clays or simply dilative, 
c;hesionless materials under extremely low loads, as in gravity-flow bins. 
Vacuam testing of the simulated lunar soil requires that numerous indi- 
v-dual tests be performed, both at various ranges of consolidation load and at 
various states of overconsolidation. Ideally, these shear tests should check 
both the peak and ultimate shear strength. Thus, a direct-shear method was 
ruled out, since preparation and pumpdown of the vacuum systems would require 
several weeks, whereas a single shear test would require, at most, 15 minutes 
of testing time. 
A torsional-shear device with infinite rotational displacement was thus 
devised, which overcame the major objection to direct shear, in that a single 
sample c o u l d  be continuously tested, under a variety of states of consolida- 
tion and overconsolidation, without reentering the vacuum system. Further, 
the torsional-shear tester, having infinite shear-strain potential, made pos- 
sible observation of both the peak and ultimate shear strengths of basalt 
powder in a single test. In many respects, the torsional method is pre2erable 
to the direct-shear method, in that it requires no special sample preparatim 
since the infinite shear-strain potential allows determination of the dLtinate 
powder shear strength. Figure 7 shows the detail drawing of the tors~onal 
tester as finally developed. Two models were constructed: one for vnzQum 
testing, which is being performed at the Bureau's Twin Cities Mining 1;esearch 
Center (TCMRC) in a special ultrahigh vacuum system and described by Roepke 
(15); a second tester was constructed at the Spokane Mining Research Cester 
(SMRC) for normalatmospheretesting, where the general test procedure c c u l d  h c  
refined under less difficult conditions, preceding the vacuum test worv:, The 
vacuum-testing phase is on-going research, which will be reported at a EaLer 
date. Figure 8 illustrates the tester mounted in the TCMRC vacuum system; an 
assembled view of the normal atmosphere tester at SMRC is showed in f ~ g u r e  9, 
In both testers, a ring-shaped sample is formed in the chanber, c c ~  qlini-  
mize the variable shear strain across the shear surface of the sample, A 
cantilever-beam system supports the sample chamber base. The normal iaad, 
applied by the vane head, is read out on four cantilever beam sup120rts, gaged 
top and bottom with strain gages. To maximize strain and minimize de;!ect;on 
these beams are short and constructed of low-modulus aluminum. The e-gnt- 
active-gage configuration used in the normal-load bridge circuit averages cre 
normal force applied to the sample chamber. 
Normal loads, applied by the vane head, act through compression springs 
of a predetermined stiffness of 2,000 g/cm. This stiffness has been derived 
as a crude static approximation of the stiffness of the simulated sci? matrix 
by utilizing the soil spring constant formula (18) and by incorporating the 
stress-strain properties of the simulated lunar soil as determined froill t n e  
one-dimensional compression tests. Thus, as the basalt powder is shearrng, 
the restraint of the spring mechanism is approximately equivalent to c'le 
restraint produced by the powder mass as it dilates. Because of che  relative 
decrease in frictional resistance and an increase in the volume-expansion 
characteristics of the basalt powder under low normal stresses, c h i s  Ceature 
in the design of the torsional-shear tester is believed to be of partic-ular 
importance for testing materials for gravity-£ low analysis .* 
Shearing stresses are measured by a cantilever-beam transducer co~ci:ained 
in the torque head. These beams are made from cold-rolled, copper-berylliun; 
alloy, and instrumented with four active strain gages. When the vane head is 
pressed into the sample and the shaft drive is turned, shear stresses prodsce 
bending in the four cantilever beams, a consequence of the shear resistance o f  
the basalt powder material. Shear stresses in the basalt powder are deter- 
mined from the "center of mass" of the wedge-shaped shear surface contained 
within each pair ofvanes. This distance is calculated as 1.429 inches Erom the 
axis of rotation, which is the radius distance of each compression spri.ng 
shaft from this axis. 
41n the context of direct-shear testing of consolidated saturated clays, boch 
Palmer (l4) and Tschebotarioff (2) indicate the influence of no-mai 
restraint on soil-strength properties. 

FIGURE 8. - 'Vacuum Torsional-Sheor Tester (BCMRC). 
FIGURE 9. - Earth-Atmosphere Torsiona I-Shear Tester (SMRC). 
For  the automatic ,  continuous record ing  of t h e  d a t a ,  the  normal load and 
snea r - r e s i s t ance  t ransducer  br idges  a r e  connected t o  a  dual-channel,  s t r a i n -  
gage r eco rde r ,  Using deadweight loads ,  the  br idges  a r e  c a l i b r a t e d  on t h e  
re~0rde-C graph ( f i g .  10) .  S t r a i n  r a t e s  a r e  ca l cu la t ed  d i r e c t l y  from t h e  com- 
mercial gear-reduct ion f a c t o r  of  1,800 t o  1 by tu rn ing  t h e  vane d r i v e  a t  1 rpm 
with a fract ional-horsepower,  shaded-pole motor. S t r a i n  r a t e s  a t  t h e  c e n t e r  
o f  mass d i s t ance  a r e  0.016 cm/min, o r  approximately one-sixth of t h e  r a t e  nor-  
rally used fo r  shear  t e s t i n g  of  g ranu la r  m a t e r i a l s  f o r  t e r r e s t r i a l  bin-flow 
studies. To record the  s t r a i n ,  a  microswitch, ac tua ted  by a  cam on each revo- 
idtion of the  1-rpm motor d r i v e  s h a f t ,  i s  connected t o  t h e  time marker on the  
recorder, However, an a l t e r n a t e  method of record ing  s t r a i n  r a t e  was t o  f i x  
t h e  recorder c h a r t  speed a t  1 m/min .  
The p r i n c i p a l  d e f i c i e n c i e s  of t h e  to r s iona l - shea r  t e s t e r  a r e  t he  presence 
of friction a t  t he  chamber w a l l s  and t h e  binding p o t e n t i a l  of p a r t i c l e s  wedged 
between ?he k ~ i f e - e d g e d  vane head and t h e  chamber wa l l .  Fu r the r ,  t h e  
FIGURE 10. - Calibration of the Torsional-Shear Tester. 
t h e  c o n s o l i d a t e d  b a s a l t  powder i s  t r e a t e d  a s  a  s o l i d  cake  which shears across 
t h e  t o t a l  sample s u r f a c e ,  even though t h e  vanes  are i n s e t  from t h e  charcrber 
w a l l .  
I n  p r e p a r a t i o n  f o r  a  t e s t ,  a  160-gram sample o f  b a s a l t  powder i s  oven 
d r i e d  a t  110" C and coo led  i n  a s e a l e d  d e s i c c a t o r  u n t i l  i t  r e a c h e s  room tern- 
p e r a t u r e .  The sample i s  p l a c e d  l o o s e l y  i n  t h e  chamber, l e v e l e d ,  acd measured 
w i t h  a d e p t h  gage,  a  p rocedure  which o b t a i n s  t h e  i n i t i a l  d e n s i t y  and veid 
r a t i o .  The l o a d i n g  head i s  p r e s s e d  on t h e  sample u n t i l  a predetermined con- 
s o l i d a t i o n  load i s  reached .  The specimen remains  under  t h i s  load  till consol-  
i d a t i o n  i s  complete  (abou t  1 hour  w i t h  t h e  s i m u l a t e d  l u n a r  s o i l ) .  I n  the  ini- 
t i a l  t e s t  t h e  sample i s  s h e a r e d  under  a  normal load  e q u i v a l e n t  t o  t h e  preem- 
s o l i d a t i o n  l o a d .  It i s  a l lowed t o  s h e a r  through i t s  peak s t r e n g t h  t o  cltimate 
s h e a r  s t r e n g t h .  The peak t o r s i o n a l  s h e a r  v a l u e s  f o r  t h e s e  normal ly  c o n s o l i -  
d a t e d  samples have been p l o t t e d  i n  f i g u r e  5 ,  whereas t h e  u l t i m a t e  strengths 
a r e  p l o t t e d  on t h e  J e n i k e - t y p e  f a i l u r e  envelope.  A f t e r  s h e a r i n g ,  the shear  
head i s  r a i s e d  from t h e  sample,  and t h e  h e i g h t  i s  measured t o  a l l o w  
Scale l m m = 2 0 0 g  
FIGURE 11. - Torsiona I Test  Graph of Shear Load and Normal Load. 
calculation of t h e  f i n a l  v o i d  r a t i o .  T y p i c a l  s h e a r - t e s t  d a t a ,  as recorded  on 
t h e  s t r a i n - g a g e  r e c o r d e r  g raph ,  are shown i n  f i g u r e  11. 
The same sample is then remixed in the chamber, leveled with the depzh 
gage, and consolidated under the same load. In this test, the normal load is 
reduced below that of the initial consolidation load, and the specimen again 
is sheared through the peak to ultimate strength. An identical procedure is 
repeated, at progressively reduced normal loads, as many times as necessary ;n 
obtain clear definition of the yield surface. In plotting the powder yield 
surface bin flow studies--as proposed by others (5, 1, 22)--the ultimate shear 
strength is used on the initial, normally consolidated shear test; whereas 
data from each subsequent test (with the normal load below the preconsolida- 
tion load) are based upon the peak shear-strength value obtained from the 
shear test. A yield surface is drawn through the points and extrapoLated to 
the shear axis. A yield circle, to determine unconfined strength (f,), is 
fitted under the extrapolated peak yield surface from the coordinate origin, 
and another circle is fitted graphically under the upper end of the sdrface LO 
determine the principal consolidation stress (GI ) .5 The ratio of the uncon- 
fined strength (f,) over the principal yield stress (ol) is defined as the 
flow function (ff) of the material (5, Z), or 
Another series of tests, at different consolidation loads, allow con- 
struction of a flow function for a granular material. Such a test series on 
the simulated lunar-soil matrix is shown in figures 12-14. A flow-functlon 
of lunar-soil matrix is plotted in figure 15, indicating a factor of abouc 
6.5, which would classify the material as relatively easy-flowing, using 
Jenike's method of classification (7, p. 56). In fact, however, the basalt 
powder insofar as can be discerned from handling small quantities in f l o w  hop- 
pers and funnelsin the laboratory, is rather difficult to manage and easily 
plugs in channels. Schramli (l7) has reported similar difficulties in deter- 
mining the flow properties of cement powders when simply defining thelr "flak 
functions." Other properties, discussed in the following section, ccxld be 
equally as important to classification of the flowability of material as is 
the determination of unconfined strength and flow function. 
The peak shear parameters for flow analysis used in part 2 of this papex 
are a Mohr envelope slope of 35-112' and adjusted cohesion (k) of 2 g/em2 or 
0.028 psi, assuming that the effective cohesion will approach zero as incipi- 
ent flow is reached. 
One-Dimensional Compression Earth-Pressure-at-Rest Tests 
A one-dimensional compression chamber was used to develop stress-"strain 
properties and I(, stress ratios on the basalt powder. This Hendron-tjrpe, ~ r i -  
axial chamber (2) was originally constructed at the laboratory to perform high- 
pressure (2,000 psi) testing on mine backfills (1?). Figure 16 is an assembly 
drawing of the chamber. It was modified for lunar-materials-handling studies 
- 
5 ~ t  should be emphasized that this procedure of constructing ~ o b r %  circles 
from the results of direct-shear tests is not generally practiced in soil 
mechanics. 
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FIGURE 12. - Results of Torsional-Shear Tests on Simulated Lunar Soil at 45.5 g/cm2 Consolidation. 
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FIGURE 15. - Flow-Function of Simulated-Soil Matrix From Torsional-Shear Tests.  
t o  record pressures  i n  t h e  100-psi range. A 10-psi  range would have been p r e f -  
e r a b l e  f o r  t h i s  t e s t i n g ,  but  a t  the  time t h e r e  was no r e l i a b l e  way t o  increase 
t he  s e n s i t i v i t y  of  t h e  chamber. 
The sample chamber wa l l  i s  a 0.09-inch-thick s t e e l  s l eeve ,  on whose o u t e r  
w a l l  a r e  mounted t h r e e  independent s t ra in-gage  br idges .  F igure  17 displays 
t he  base p l a t e ,  chamber housing, and s idewal l  s l eeve  p r i o r  t o  assembly, Each 
s t ra in-gage  br idge  c o n s i s t s  of two a c t i v e  gages on the  w a l l  s l eeve  and twc 
dummy gages mounted on a f l o a t i n g  s t e e l  block. Hydraulic o i l  surrounds t he  
o u t e r  w a l l  of t h e  s leeve .  When the  sample i s  t e s t e d ,  t he  v e r t i c a l  s t r e s s  (ol: 
appl ied  by t h e  loading head causes l a t e r a l  s t r a i n ,  and o i l  p ressure  i s  a p p l i e d  
t o  t he  system t o  n u l l  the  bridge--and thereby n u l l i f y  t he  l a t e r a l  s t r a i n  i n  
t h e  sample. A p re s su re  t ransducer  and a v i s u a l  p re s su re  gage serve  t o  record 
the  l a t e r a l  s t r e s s  ( o h ) .  
From t h e  t e s t s ,  exac t  va lues  of t h e  c o e f f i c i e n t  of ea r th -p re s su re -a t - r e s t  
( K , )  can be obtained:  
o h  = l a t e r a l  h o r i z o n t a l  s t r e s s .  
Qv = appl ied  v e r t i c a l  s t r e s s .  
This  c o e f f i c i e n t  i s  l e s s  cons tan t  than gene ra l ly  assumed; f o r  i t  deperids on 
t h e  void r a t i o  o r  packing s t a t e  of the  m a t e r i a l  and, most s i g n i f i c a n e l y ,  on 
i t s  s t r e s s  h i s t o r y ,  as  Hendron (3) deduced from h i s  work on cohesionBess sands  
( f i g .  18) ,  and a s  i s  corroborated by o the r  soil-mechanics work discussed by 
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FIGURE 16. - One-Dimensional Compress ion KO Chamber. 
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FIGURE 18. - K O  Stress Ratio Versus Overconsolidation Ratio for Sand at Various Initial 
Void Ratios (After Hendron). 
i-ienkel (4.) . During loading ,  t h e  major p r i n c i p a l  s t r e s s  (0, ) i s  v e r t i c a l ,  
-diereas  t h e  minor p r i n c i p a l  s t r e s s  (0,) i s  h o r i z o n t a l .  
Squation 3 i s  i n d i c a t i v e  of t he  a t - r e s t  s t r e s s  i n  a  b i n  wi th  t h e  c o n t r o l  g a t e  
c losed ,  
During unloading, wi th  the  m a t e r i a l  i n  an overconsol idated s t a t e ,  t he  K, 
-\7alue i s  seen t o  r i s e ,  and t h e  l a t e r a l  s t r e s s  becomes t h e  major p r i n c i p a l  
s t r e s s :  
Dl Kp (Rankine ' s  c o e f f i c i e n t  of pass ive  
rg = - +  
O3 
e a r t h  pressure)  . ( 4 )  
'quation 4 r ep resen t s  a  s t r e s s  s t a t e  t h a t  might be present  i n  a  grav i ty- f low 
bin after the  c o n t r o l  g a t e  has  been opened and t h e  bulk m a t e r i a l  approaches 
i n c i p i e n t  f l o w .  
Both of these concepts are not only at variance with the comoa procedure 
of predicating a Rankine active-pressure relation to define the stress field 
in a gravity bin, but also with Jenike's use of a uniform radial stress field 
near the discharge point in a flowing bin. 
To develop a modulus of deformation (M) (secant modulus), an accarate 
measurement of the induced strain and applied stress was made. Strain in the 
sample was recorded by three linear potentiometers, which are mounted on the  
outside of the chamber housing. For ascertaining the applied load, a tura- 
potentiometer is mounted on the strain-controlled universal testing machine, 
Further, for observation of stress distribution in the chamber, three smI1 
pressure transducers are mounted in both the loading head and base plate, 
Figure 19 pictures the assembled chamber and a data-acquisition systein, 
In each test, a sample was placed in the chamber in a loose state and 
carefully leveled and measured. The loading head was lowered onco the sample 
by the universal testing machine. At this point, all stress-strain instrurner- 
tation was balanced and zeroed out, and the initial no-load readings were 
recorded on both printed and punched tape. In each compression -zest, a 1-psr 
load was applied and then raised in 10- or 20-psi increments at a head- 
displacement rate of 0.025 in/min. At each load increment, the multichannel 
scanner monitored the 13 channels of stress-strain instrumentation, and sLrnul- 
taneously the data-acquisition system produced a printed tape and punch-tape 
record of each circuit output. Throughout the test, one of the three  strain- 
gage bridges on the steel sidewall sleeve was monitored on a strain indicator; 
it was kept in a null or no-strain position by the application of  hydraulic 
pressure with a hand pump. During testing, both the load and unload portions 
of the virgin compression cycle (fig. 20) were observed. (Two additional 
hysteresis loops were also performed on each sample, but only the initial 7ir- 
gin loop is presently of interest.) The secant modulus (M) of the powder 
material is determined from the stress-strain measurements, and the & stress 
ratio values are used to calculate a Poisson's ratio (p) for the material 
(18) : 
Therefore, the two significant parameters generated by the one-dimensional 
compression tests can be incorporated into a finite-element mesh of a repre- 
sentative bin filled with the bulk-powder material, and can accurately def ine  
the properties of each element in the mesh. Under conditions of loading the 
constrained modulus M is used, while for unloading, an unconstrarned E modulus 
value is calculated for the material, as shown in the appendix. 
An example of results from the one-dimensional compression tests per- 
formed on the simulated lunar soil is shown in table 2. The complete iai2ta.l- 
compression cycle at all load increments and the physical-property parameters 
under dFscussion are included in the table. With initial loading of the pow- 
der sample, and the OCR (overconsolidation ratio) being equal to 1, the % 
ratio has a value of about 0.3. After the reduction of the load to E psi (and 
with a large OCR), the residual K, value in the simulated lunar soil exceeds 
2,Q, at which point it is approaching the value of the passive earth pressure 
coefficient of the simulated lunar soil. 
TABLE 2. - Earth-pressure-at-rest compression tests 
on simulated lunar soil 
Total 
strain 
vertical 
(EY ) , 
in/in 
0.0000 
.05661 
.I1389 
.I2512 
.I3218 
.I3760 
.I4172 
.I4517 
.I4802 
.I4809 
.I4801 
.I4778 
.I4734 
.I4701 
.I4606 
.I43 13 
.I4290 
Overconsol- 
idat ion 
ratio (OCR) 
For comparative testing, a coarser, more uniform basalt powder was pre- 
~ared, by ball-mill grinding, from the same basalt rocks used to produce the 
impact-milled, lunar-soil material. Direct shear tests run on ball-milled 
basalt powder indicate a peak angle of internal friction @ = 40" and cohesion 
irntercept (c) of about 50 g/cm2. These figures are slightly greater than the 
peak friction and cohesion parameters determined for the impact-milled basalt 
powder illustrated in figure 5. Interestingly, when the two powders are 
tested in a laboratory flow-cone, the ball-milled basalt powder possesses con- 
sistent and easy-flowing properties, whereas the impact-milled basalt powder 
plugs and produces erratic flow from the cone, even though the basalt powders 
Fave similar shear-strength properties. However, a one-dimensional compres- 
sion test performed on the ball-milled basalt powder indicates a reduced 
residual IC, value of only 1.3 at the final OCR, whereas the impact-milled 
basalt powder residual IC, value exceeds 2.0, as previously shown in table 2. 
Thus, it is postulated that residual stresses in these two basalt powders-- 
n..t their relative shear strengths--create the wide divergence in their flow 
properties. 
FIGURE 39, - KO Chamber and Data-Acquis i t ion System, 
F I G U R E  20, - Load-Displacement Curve for Simulated Lunar Soil From KO Cornpression Test. 
SUMMARY AND CONCLUSIONS 
This research work--to develop a simple method of designing gravity-flow 
bins for lunar-support operations--has adapted several new, though well- 
developed, testing methods for studying the gravity flow of powder materials. 
analysis of gravity-flow of lunar-powder material by finite-element tech- 
niques has been herein proposed. It is submitted that much of this research 
is applicable to common gravity-flow bin design in industries handling bulk 
s o l i d s  and powders. 
A simulated lunar-soil powder was developed by impact crushing. The 
meclaanical properties of this powder correlate closely with those predicted 
for the fn situ lunar soil. 
Direct-shear tests were performed to define a peak-strength Mobr failure 
envelope, as well as to provide a linear Mohr failure criterion for the kunaz 
material selected for finite-element analysis. A torsional-shear device, simi- 
lar to the Walker ring shear tester, was developed principally for tesciag in 
an ultrahigh vacuum system. The prototype torsional-shear tester has prev ided  
a simplified procedure, in that a sample can be sheared through its peak to 
ultimate shear in a single continuous test. 
A one-dimensional compression chamber was used to define the def~rrnation 
modulus (M) and the K, stress ratio value of the simulated lunar soil, which 
can be utilized in a finite-element solution of gravity flow. Of particular 
interest in the K, testing was the observation that residual lateral stresses 
become proportionally higher when the basalt powder is unloaded, It is posta- 
lated that these increases in the K, stress-ratio value are indicative of the 
stresses present in a bin when the basalt powder material approaches incipient 
flow. Further, the increases in K, value--which vary with void ratis, over- 
consolidation ratio, and other mechanical properties--could provide ac alter- 
nate method of rating the flowability of bulk solids or powders whrch do not 
lend themselves to other types of analysis (17). Finally, development of s, 
more sensitive, lower-pressure K, chamber would seem warranted. Testing finer 
could be performed in a load range more representative of common bin Loads; 
the powder would be less compressed; and higher residual K, stresses cculd be 
expected at lesser overconsolidation ratios. 
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APPENDIX 
Conversion of the "constrained1' modulus, M, to "unconstrained" modulus, 
B, for the powder after the orifice has been opened and incipient flow 
approached is performed in the following example. 
By polar coordinates: 
EGr = or - p(a, + o,) (A-2) 
?y definition of the one-dimensional compression test Er = o and se = o, 
therefore, 
s u b s t i t ~ i r i n g  in equation A-1: 
" z 3y i l e f i ~ i t i e n  - = M modulus from test. 
& z 
Therefore ,  
